This paper verifies satellite-based rainfall data GSMaP_MVK+ with gauge observed rainfall over the Nepal Himalayas. Assessment of the accuracy is done at two levels, firstly for the whole country and secondly for physiographic regions. Verification of daily rainfall at a country level shows that the GSMaP_MVK+ captures the spatial distribution of rainfall well but underestimates with a correlation coefficient 0.79, bias -2.6 and RMSE 4.8 mm day -1 and percentage error of -55%. Verification with physiographic regions show that the GSMaP_MVK+ performs well in flatter terrain with a correlation coefficient of higher than 0.8 and prediction accuracy of 70%; however, performance deteriorates with increase in altitude. In the Mid and High Mountain areas the correlation coefficient is 0.4 with prediction of 40% or less. The results indicate the need for improvement of GSMaP_MVK+ estimates by considering orography in the algorithm or bias adjustment before application in the Himalayas.
INTRODUCTION
The amount of rainfall and its spatial distribution are important for water resources assessment and flood prediction. In many developing countries like Nepal where the topography is rugged and mountainous the availability of ground measuring stations is limited and unevenly distributed, making assessment of water resources and flood forecasting difficult 1) . The availability of several high resolution global satellite-based rainfall products by various operational agencies such as Global Satellite Mapping Precipitation (GSMaP) 2) , CPC_RFE2.0 3) , CMORPH 4) and TRMM Multisatellite Precipitation Analysis 5) provides information of rainfall occurrence, amount and distribution in such data sparse regions. The high resolution satellite-based products at a finer temporal (hourly and daily) and spatial resolution (0.1 o ) in the Himalayan region offer effective and economical means of calculating areal rainfall in such poorly gauged regions to supplement ground based data for water resources assessment and timely flood forecasts. However, the satellite-based rainfall data has uncertainty which may be due to retrieval algorithm or sampling. This uncertainty has an adverse effect on the accuracy of the predictions when applied in rainfall runoff models for flood simulation. Therefore, it is necessary to assess the accuracy of the satellite-based rainfall estimates prior to application.
Several studies in various regions such as in Africa, South America, Japan, Australia and the United States have evaluated the accuracy of satellite-based rainfall products 6) 7) 8) . They found that satellite-based data in general underestimated rainfall. As of yet much less is known about the reliability of satellite-based rainfall in the Himalayan region.
The main objective of this paper is to assess the accuracy of satellite-based rainfall product named as GSMaP_MVK+ for streamflow estimation over the Central Himalayas. The GSMaP_MVK+ is an hourly gridded product with a spatial resolution of 0.1° × 0.1° latitude/longitude available globally since 2003. Verification of this global product has been conducted in Japan and several other regions but not yet over the Himalayan region. The key research question that this paper addresses is: how does GSMaP_MVK+ perform over the Central Himalayas in Nepal through comparison with gauge observed data.
The subsequent sections describe the study area and data availability, verification of GSMaP_MVK+ over whole of Nepal and in various physiographic regions on a daily, monthly, seasonal and annual basis.
STUDY AREA AND DATA AVAILABILITY
The study area is Nepal. Geographically Nepal is located between 80 0 4' to 88 0 12' east longitudes and 26 0 22' to 30 0 27' north latitudes with a total area of 147,100 km 2 . The topography is highly rugged with elevation ranging from 60 m in the south to 8848 m in the north within a short distance of about 160 km. Physiographically, the country is divided into five regions, the Terai in the south, the Siwalik, the Middle Mountains, the High Mountains and the High Himal in the north (Fig.1) .
The Terai in the south is the northern extension of Indo-Gangetic plain (13 % of the country's area) with altitude ranging from 60-300 m. Flooding is common during monsoon inundating large areas. The Siwaliks is 10-30 km wide foothill belt (12 % of the total area of Nepal) and have relative relief less than 1000 m; the slope are generally steep with shallow soils. The Middle Mountains covers 30% of the total area of Nepal, with a total width range from 60-80 km and rises fairly abruptly from the Siwaliks to elevations between 1500 and 3000 m above mean sea level. The High Mountain ranges from 2000 to 4000 m and occupies 21 % of the total area. Topographically, this mountain range shows extremely rugged terrain with very steep slopes and deeply cut valleys. The High Himal in the north occupies nearly 24% of the total area.
The average annual precipitation for Nepal is about 1630 mm. More than 80% of total annual precipitation occurs during four summer months (June-September). Spatially there is high variability of precipitation with topography. The mean annual precipitation ranges from only 163 mm in Lomangthang (Mustang) located in trans-himalayan zone north of the Higher Himalayan ranges to more than 5000 mm at Lumle (near Pokhara) located in the southern part of the Annapurna Himalayan ranges 9) .
(1) Satellite-based rainfall estimates Since 2002 the Global Satellite Mapping of Precipitation (GSMaP) was initiated by Japan Science and Technology Agency (JST) and is promoted by the Japan Aerospace Exploration Agency (JAXA) Precipitation Measuring Mission (PMM) Science Team, to produce global precipitation products with high temporal and spatial resolution 2) . The GSMaP_MVK+ (hereafter, GSMaP) is a global hourly product with a domain covering 60N -60S at a 0.1 x 0.1 degree grid resolution and calculated using a passive microwave radiometer (MWR) -infrared radiometer (IR) blended algorithm 2) . The gauge observed daily rainfall data for 2003, 2004, 2005 and 2006 were checked for consistency and accuracy. Incomplete, duplicate, and dubious datasets identified during the quality check were I_38 discarded. The datasets were then formatted to GIS format and transformed to the same projection as the GSMaP datasets. As the satellite-based rainfall estimates represent areal rainfall, while the gauge observed data represent point rainfall, for comparison purposes the quality controlled gauge observed data were interpolated to carry out the verification. The kriging spatial interpolation method found best suitable in the Indian Himalayan region 10) is used to convert the daily point gauge observed rainfall data to 0.1 degree latitude/longitude grid. This interpolated gauge observed gridded rainfall is used as the 'ground truth' for subsequent analysis.
METHODOLOGY (1) Satellite rainfall verification
The standard verification techniques described by Ebert 7) and Wilks 11) were used to compare satellite-based rainfall estimates with the gauge observed rainfall. Gridded precipitation data recorded by ground stations is compared visually with the GSMaP. The two datasets were remapped to the same projection with the same colour scale. The statistical indicators such as mean error (bias), root mean square error (RMSE), multiplicative bias (Mbias), percentage error (PE) and correlation coefficient were used to quantify the predictive skills of the GSMaP. The bias is defined as the average difference between GSMaP and gauge observed rainfall data. The RMSE measures the average error magnitude and is defined by Eq.1 and Mbias by Eq.2.
Where Si is the satellite estimate and Gi is the corresponding gauge observed rainfall.
To assess the GSMaP rainfall detection capability, a 2 x 2 contingency table of yes/no events, with rain/no rain, is also used, as shown in Table 1 . In Table 1 , 'hits' (a) represents correctly estimated rain events, 'false alarms' (b) represents when rain is estimated, but did not occur, 'misses' (c) represents when rain is not estimated, but did occur, and 'correct negatives' (d) represents correctly estimated no rain events. The probability of detection (POD = a/(a+c)) measures the fraction of observed events diagnosed correctly. The false alarm ratio (FAR = b/(a+b)) gives the fraction of diagnosed events that turned out to be wrong 7) 8) . In this paper, the threshold for rain or no rain used in the contingency table is 0 mm day -1 to distinguish between rain and no rain. The comparison of the average accumulated rainfall for monsoon season, June July, August, September (JJAS) from the GSMaP and gauge observed data for 2003-2006 is shown in Fig.3 . The monsoon season is of primary focus in this paper as more than 80% of the rain falls during this period and is important for flood prediction. Inspection of GSMaP and gauge observed maps shows that patterns of rainfall are similar as heavy rainfall is detected in the south western and central region consistent with the observed rainfall. The lowest rainfall is also detected in the Mustang district in the North. But there are some distinct local differences for example the orographic heavy rainfall is not detected in the southern part of Annapurna range around Pokhara valley which is the highest rainfall area in Nepal and is more concentrated in the flatter areas of Terai. There are also some variations in the north east region and in some areas such as Bajura, Khaptad and Mangalsen in far western region where local topography and orography plays a role. . In the case of Ethiopia, with a complex terrain similar to the study area, Dinku 6) investigated the performance of various satellite rainfall products and found that satellite-based estimates did well in detecting the occurrence of rainfall, but were not good in estimating the amount of daily rainfall. 
I_40
for the monsoon is 0.47. The RMSE is 1172.5 for the annual rainfall and 1033.4 for JJAS. Percentage error on an annual basis is quite large about -55.3 % and is -59.7 % during monsoon. The probability of detection (POD) remained high throughout the year varying between 1.0 and 0.71 and the false alarm ratio close to 0 except for November. The multiplicative bias is 0.4 in the monsoon indicating more than 50 % underestimation of rainfall by GSMaP. 12) . This may be due to the impact of orographic enhancement of rainfall despite denser network of stations in the Mid Mountain region. The GSMaP uses a statistical database of precipitation vertical profiles classified into 10 types 13) , but currently it cannot reflect profiles of localized precipitation systems. The profiles of heavy orographic rainfall are unique and largely different from those in the database, which can lead to large errors 9) . The availability of GSMaP at a high spatial (0.1 o x 0.1 o ) and temporal resolution (hourly) in near real time with only 4 hrs delay unlike other global satellite-based rainfall products makes it the most attractive amongst available products for flood forecasting. The relatively good daily correlation of GSMaP with gauge observed rainfall indicates the product to be promising for flood prediction. But quantitative adjustment is needed prior to application. The next step is to investigate the performance of GSMaP rainfall estimates basin wise and apply bias corrections for flood prediction.
CONCLUSIONS
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